Ontario dry bean growers are currently limited to ALS inhibitor herbicides for soilapplied broadleaf weed control; therefore another mode of action is needed. Sulfentrazone is a PPO inhibitor herbicide that has activity on some annual grass and broadleaf weed species. Four field trials were conducted over two years (2014, 2015) to determine the tolerance of four commonly grown dry bean market classes (adzuki, kidney, small red Mexican and white bean) to PRE applications of sulfentrazone at 140, 210, 280 and 420 g·ai·ha −1 . Crop injury, plant height, plant density, shoot biomass, seed moisture content and yield were examined. Sulfentrazone (420 g·ai·ha −1 ) caused up to 74%, 22%, 30%, and 57% injury in adzuki, kidney, small red Mexican and white bean, respectively. Plant density, height and yield were not reduced for kidney or small red Mexican bean. Sulfentrazone (420 g·ai·ha −1 ) reduced white bean plant density, height and yield by 28%, 29% and 29%, respectively; and reduced adzuki bean plant density, height and yield by 51%, 34% and 57%, respectively. Overall, kidney and small red Mexican bean were the most tolerant to sulfentrazone, followed by white bean, and then adzuki. This study determined sulfentrazone applied PRE is safe for Ontario kidney bean and small red Mexican bean crops.
Introduction
Dry beans (Phaseolus vulgaris L.) are an important crop for southwestern Ontario. In 2014, over 50,000 ha of white and coloured dry beans were seeded in Ontario, produc- ing 125,000 T with an approximate value of $111,000,000 [1] . Popular market classes of dry beans grown in Ontario include black, cranberry, kidney, white (navy), otebo, small red Mexican, and adzuki (Vigna angularis (Willd) Ohwi & Ohashi). Weeds can significantly reduce dry bean yield as weeds can outcompete the beans for essential resources [2] [3] [4] . Studies have found 70% yield loss can occur in dry beans from competition with weeds [5] .
Only two soil-applied broadleaf herbicides are registered for Ontario dry beansimazethapyr and halosulfuron. Both are group 2, ALS inhibitor herbicides. As there are more than ten documented weed species with group 2 resistance in Ontario [6] , another mode of action is needed for weed management in dry beans. Sulfentrazone is a soil-applied, protoporphyrinogen oxidase IX (PPO) inhibitor herbicide that provides residual control of many broadleaf weeds and some grasses. Sulfentrazone causes an excess of protoporphyrinogen IX in the chloroplast, which then leaks into the cytoplasm and is converted to protoporphyrin IX. As weeds emerge from the soil, the pro- 
Materials and Methods

Experimental Design
Four field trials were conducted over a two-year period (2014, 2015) at the Huron Re- , and kidney and small red Mexican beans were seeded at 212,000 seeds•ha 
Statistical Analysis
All analyses were conducted in SAS version 9.4 (SAS Institute Inc., NC). Fixed effects for the analysis included sulfentrazone rate, bean market class, and their interaction;
and their significance was determined with the F-test. Random effects included environment (year-location combination), block nested within environment, rate by environment interaction, market class by environment interaction, and rate by market class by environment interaction. Their significance was determined with the Z-test.
The assumptions of normality and homogeneity of the residuals were tested with the UNIVARIATE procedure under various transformations of the data. The transformation that produced the highest Shapiro-Wilk statistic for each data set was selected for the analysis. Data were then subjected to analysis of variance using the MIXED procedure and Fisher's Protected LSD test with a significance level of 0.05. Data were transformed back to the original scale for presentation.
Results and Discussions
Statistical analyses determined that the market class by environment interaction was significant for most data sets. This is likely due to the beans responding to the different soil types and weather conditions. However, there were no significant environment, rate by environment interaction, or rate by market class by environment interaction effects, and so data were pooled for the analysis. Analyses revealed that sulfentrazone rate was significant for all assessments, and bean market class was significant for injury at 2, 3, 4, 6 and 8 WAE, plant density, height, shoot dry weight, seed moisture content and yield (Table 1) . Rate by market class interaction was significant for injury 3, 4, 6 and 8 WAE, plant density, height, and yield (Table 1) .
Crop Injury
Crop injury symptoms in this study included leaf crinkling and cupping, reduced growth, and reduced plant stand. At 1 WAE, sulfentrazone at 140, 210, 280, and 420 g·ai·ha −1 caused 2%, 4%, 11%, and 35% injury, respectively ( Table 1) . None of the herbicide treatments were equivalent to the control. At 2 WAE, the level of injury caused by sulfentrazone at 140, 210, 280, and 420 g·ai·ha −1 was similar to 1 WAE with 1%, 5%, 10%, and 29% injury, respectively. Soltani et al. [10] reported a similar level of injury of injury. Soltani et al. [10] also found kidney bean was more tolerant to sulfentrazone than white bean. In other studies examining PPO inhibitors on dry beans, flumioxazin applied PRE at 140 g·ai·ha −1 caused up to 34% injury in black, kidney, cranberry and white bean [12] . Fomesafen caused 5% injury or less in black, cranberry, great northern, kidney, pink, pinto and white bean [13] [14] . Saflufenacil applied PRE at 50 g·ai·ha −1 caused up to 31% injury in adzuki, black, kidney and white bean [15] [16].
Plant Density
Small red Mexican bean and kidney bean densities were not reduced by any of the herbicide treatments compared to the control (Table 3) . White bean had densities equivalent to the control at up to 280 g·ai·ha −1 of sulfentrazone. Sulfentrazone at 420 g·ai·ha −1 reduced white bean density by 28%. Sulfentrazone at 140 and 210 g·ai·ha −1 did not reduce adzuki bean density relative to the control, but sulfentrazone at 280 and 420 g·ai·ha −1 reduced density by 34% and 51%, respectively. Soltani et al. [15] found saflufenacil applied PRE reduced plant density by 53% in black bean, 38% in kidney bean and 70% in white bean. Table 3 . Mean plant density, plant height, and yield as a percentage of the untreated control (0 g·ai·ha 
Shoot Dry Weight
Shoot dry weight was not affected by sulfentrazone at 140 or 210 g·ai·ha −1 (Table 1) .
Shoot dry weight was reduced by 11% at 280 g·ai·ha −1 and 28% at 420 g·ai·ha −1 . In contrast, Hekmat et al. [11] did not observe a decrease in dry bean shoot dry weight when treated with 420 g·ai·ha −1 of sulfentrazone. Flumioxazin applied PRE reduced shoot dry weight for black and white bean, but not for cranberry or kidney bean [12] . Saflufenacil reduced black and white bean shoot dry weight by up to 41%, but did not reduce adzuki or kidney bean shoot dry weight [15] .
Plant Height
Shorter plant heights can cause reduced yield at harvest due to harvest losses at the cutter bar of the combine. Kidney bean and small red Mexican bean height were not reduced by any of the sulfentrazone rates evaluated (Table 3 ). Adzuki bean height was reduced at 420 g·ai·ha −1 by 34%, while white bean height was reduced by 17% at 280 g·ai·ha −1 and 29% at 420 g·ai·ha −1
. These results both agree and conflict with a study by
Hekmat et al. [11] . In Hekmat et al. [11] , sulfentrazone at 420 g·ai·ha −1 also did not reduce kidney bean height, but white bean ("OAC Thunder") height was equivalent to the control, which may indicate some differential cultivar sensitivity to sulfentrazone. In other studies, saflufenacil did not reduce adzuki or kidney bean height [15] . Flumioxazin did not reduce cranberry or kidney bean height relative to the control, but black bean height was reduced by 24% and white bean height was reduced by 29% [12] .
Seed Moisture Content and Yield
Herbicide injury can cause delayed maturity of the crop which can cause seed damage from delayed harvest and storage problems. Delayed maturity is indicated by elevated seed moisture content. In this study, sulfentrazone at 140, 210 and 280 g·ai·ha −1 did not increase seed moisture content compared to the untreated control, but seed moisture was 1.2% higher for the beans treated with 420 g·ai·ha −1 (Table 1) . Kidney bean and small red Mexican bean yields were not significantly reduced by any of the rates evaluated (Table 3) . Adzuki bean yield was not affected by sulfentrazone at 140 and 210 g·ai·ha −1 , yielding 91% and 89% of the control, respectively. In contrast, sulfentrazone at 280 g·ai·ha −1 reduced adzuki yield by 28% and 420 g·ai·ha −1 reduced yield by 57%. Soltani et al. [1] found saflufenacil reduced adzuki bean yield by 56%. White bean yield was not reduced compared to the control by rates up to 280 g·ai·ha −1 , but was reduced by 29% at 420 g·ai·ha −1 . In contrast, Hekmat et al. [11] found white bean yield was equivalent to the untreated control but was numerically reduced by 17% by sulfentrazone (420 g·ai·ha −1 ). This difference could be attributed to a different cultivar used in that study. Soltani 
Conclusion
In this study, kidney bean and small red Mexican bean demonstrated the highest toler-ance to PRE applications of sulfentrazone; plant density, height, and yield were not affected at any of the rates evaluated, and there was an acceptable margin of crop safety for rates up to 280 g·ai·ha −1 . White bean had the next best tolerance, with plant density and yield only affected at 420 g·ai·ha −1 , and a narrow margin of crop safety at rates up to 210 g·ai·ha −1 . Adzuki bean had the poorest tolerance of the market classes evaluated, with plant density and yield reduced by 280 and 420 g·ai·ha −1 , and unacceptable injury at 210 g·ai·ha −1 and above. Based on these results, PRE applications of sulfentrazone are safe for kidney and small red Mexican bean production in Ontario.
